Crystallization chaperones are attracting increasing interest as a route to crystal growth and structure elucidation of difficult targets such as membrane proteins. While strategies to date have typically employed protein-specific chaperones, a peptide-specific chaperone to crystallize multiple cognate peptide epitopecontaining client proteins is envisioned. This would eliminate the target-specific chaperone-production step and streamline the co-crystallization process. Previously, protein engineering and directed evolution were used to generate a single-chain variable (scFv) antibody fragment with affinity for the peptide sequence EYMPME (scFv/EE). This report details the conversion of scFv/EE to an anti-EE Fab format (Fab/EE) followed by its biophysical characterization. The addition of constant chains increased the overall stability and had a negligible impact on the antigen affinity. The 2.0 Å resolution crystal structure of Fab/EE reveals contacts with larger surface areas than those of scFv/EE. Surface plasmon resonance, an enzyme-linked immunosorbent assay, and size-exclusion chromatography were used to assess Fab/EE binding to EE-tagged soluble and membrane test proteins: namely, the -barrel outer membrane protein intimin and -helical A2a G protein-coupled receptor (A 2 aR). Molecular-dynamics simulation of the intimin constructs with and without Fab/EE provides insight into the energetic complexities of the co-crystallization approach.
Introduction
Crystallization of a given target protein can be a difficult step in structure determination and is especially notorious in the case of membrane proteins (MPs). Numerous strategies have emerged to enhance the crystallizability of difficult proteins. These include protein modifications such as random mutagenesis, directed evolution or strategic mutations to improve crystallizability (Pé delacq et al., 2002; Yang et al., 2003; Keenan et al., 2005; Argos et al., 1979) , generation or discovery of ligands to stabilize a specific protein conformation (Vedadi et al., 2006; Connelly, 1994) , protein symmetrization by cross-linking or engineered metal-binding sites (Laganowsky et al., 2011; Banatao et al., 2006) , limited proteolysis to remove flexible regions (Wernimont & Edwards, 2009 ) and surface-entropy reduction (Derewenda, 2004) , among others. Recent improvements specific to MPs include the use of lipidic cubic phase (LCP) and lipid-mimicking detergents to stabilize MPs in a native-like environment to promote crystal growth (Caffrey, 2003; Privé, 2009; Howell et al., 2010) ISSN 1399-0047 # 2015 International Union of Crystallography For membrane proteins, the so-called crystallization chaperone approach has been particularly successful. The desirable biophysical properties of chaperones include an increase in hydrophilic residues available for forming crystal contacts, thus improving the likelihood of obtaining well ordered crystals of the chaperone-target membrane protein complex. Covalent chaperones have been utilized to crystallize several G protein-coupled receptors (GPCRs), in which intracellular loop 3 (ICL3; Cherezov et al., 2007; Wu et al., 2010; Liu et al., 2012) or the N-terminus (Zou et al., 2012; Thompson et al., 2012) is replaced by T4 lysozyme (T4L) or apocytochrome b 562 RIL (BRIL) and generated as a chimeric protein. Noncovalent chaperones include antibody fragments, mostly Fab and scFv generated by hybridoma or library screening (Kovari et al., 1995; Ostermeier et al., 1995; Hunte et al., 2000; Zhou et al., 2001; Stura et al., 2002; Rasmussen et al., 2007; Tereshko et al., 2008; Uysal et al., 2009) , V HH camelid domains (nanobodies; Rasmussen et al., 2011; Hassaine et al., 2014) and ankyrin-repeat proteins (DARPins; Huber et al., 2007; Sennhauser & Grü tter, 2008) . All of these noncovalent binding partners are target-specific; namely, for each new protein of interest a new chaperone must be sought.
Previously, we proposed the use of peptide-specific antibody fragments as an alternative to protein-specific crystallization chaperones . To the best of our knowledge, the only successful example of a targetindependent non-covalent chaperone involved the use of a Fab fragment that recognizes a portable small structural RNA element to crystallize a ribozyme . Co-crystallization with client membrane proteins has been attempted by us using engineered scFvs Kalyoncu et al., 2014) and by others using Fab fragments generated from commercially available FLAG-binding monoclonal antibodies (Roosild et al., 2006 ), but without documented success to date. Analysis of deposited co-crystal structures of membrane proteins using crystallization chaperones in the Protein Data Bank (PDB) reveals that the majority rely on the Fab format . This observation could be due to the increased surface area available to Fab fragments to form crystal contacts and/or the increased stability that the constant domains provide (Rö thlisberger et al., 2005) compared with scFvs.
Here, we report the generation of a Fab fragment with a nanomolar affinity for the EE epitope (Fab/EE) along with detailed structural and biochemical characterization relevant to its potential use as a crystallization chaperone. We report successful complex formation with a variety of proteins containing EE peptides, including two EE-tagged maltosebinding protein constructs, the -helical membrane protein human adenosine A2a G protein-coupled receptor (A 2 aR-GFP-EE) and the Escherichia coli -barrel membrane protein intimin (intimin-EE1 and intimin-EE2). Molecular-dynamics simulations with wild-type (WT) intimin, intimin-EE1, intimin-EE2 and the Fab/EE-intimin-EE complexes reveal an unexpected increase in flexibility when mutating native loop residues to the EE epitope, which is likely to be hindering the crystallization of the complex. The implications of these findings for co-crystallization are discussed.
Materials and methods
2.1. Molecular biology, expression and purification of Fab/EE To convert our previously described 3D5/EE_48 scFv (scFv/ EE; Pai et al., 2011) to the Fab format, the variable light and heavy chains were sequentially subcloned via polymerase chain reaction (PCR) into the NcoI-NotI and NheI-HindIII restriction sites, respectively, of the pFab vector (courtesy of Dr Georgiou, University of Texas at Austin, USA; Levy et al., 2001) , resulting in the vector pFab-Fab/EE. The vector provides in-frame, N-terminal periplasmic leader sequences and C-terminal peptide tags: a decahistidine tag on the light chain and a FLAG tag on the heavy chain (Supplementary Tables S1 and S2). The fidelity of the construct was confirmed by DNA sequencing (University of Texas Austin core facility) using the primers listed in Supplementary Table S3 . Fab/EE was expressed in E. coli BL21 (DE3) cells. 2 ml Luria-Bertani broth (LB; Fisher) culture supplemented with 60 mg ml À1 ampicillin was inoculated with a single colony and incubated for $4 h at 37 C with shaking at 225 rev min À1 . The starter culture was diluted 1:100 in 500 ml Terrific Broth (TB; Fisher) in a 2 l baffled flask and grown overnight with shaking at 225 rev min À1 and 25 C. Cells were pelleted at 4200g for 10 min and 4 C, and the cell pellet was then resuspended in 500 ml fresh TB in a 2 l flask and incubated for 1 h at 25 C and 225 rev min À1 before inducing expression with 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG; Calbiochem) for 4.5-5 h. The cells were pelleted and flash-frozen in liquid nitrogen before placing them in a À80 C freezer or were subjected to lysis directly. Fab/EE was purified as reported previously for scFv/EE (Maynard et al., 2005) . Briefly, the cell pellet was resuspended in 10 ml resuspension buffer (0.1 M Tris pH 8.0, 0.75 M sucrose) per gram of cell pellet. Osmotic shock was carried out by adding 7.5 ml 1 mM EDTA and 2.5 mg lysozyme per gram of cells, rocking or stirring for 45 min to 1 h at 4 C, then adding 1 ml 0.5 M MgCl 2 per gram of cells and stirring for an additional 45 min to 1 h. After centrifugation for 20 min at 47 800g (SS-34 rotor), the supernatant was subjected to Ni 2+ -affinity purification with a wash buffer consisting of 20 mM Tris pH 8, 500 mM NaCl, 20 mM imidazole and an elution buffer containing either 100 mM EDTA or 500 mM imidazole. Fab/EE was further purified by preparative size-exclusion chromatography (SEC) using a Superdex 75 16/600 column equilibrated with 50 mM HEPES pH 7.5, 150 mM NaCl (HBS; Supplementary Fig. S1 ) on an Ä KTA FPLC system (GE Healthcare).
Biophysical characterization of Fab/EE
For all proteins, protein purity and size were assessed by standard reducing and nonreducing 12% SDS-PAGE analysis (Sambrook & Russell, 2001) using silver stain for A 2 aR and Coomassie stain for the visualization of all other proteins ( Supplementary Fig. S1 , inset), with protein concentrations determined by Micro BCA assay (Pierce) or estimated from the absorbance at 280 nm combined with calculated extinction coefficients based on amino-acid composition using Prot-Param (Gasteiger et al., 2005) . Fractions of monomeric Fab/ EE were pooled for subsequent experiments. Fab/EE solubility was determined as described previously by measuring the concentration of soluble protein remaining after concentration to $20 mg ml À1 and 4 d incubation at 4 C. Fab/EE thermal stability was measured by thermal unfolding after mixing 20 ml of 200 mM Fab/EE or HBS-only control with SYPRO Orange (1 ml at 1:1000 dilution; Molecular Probes) in a real-time PCR machine (ViiA 7; Applied Biosystems) in increments of 0.96 C min À1 from 25 to 90 C. Analysis to determine the melting temperature (T m ), the midpoint of unfolding, was performed with the ViiA 7 (Applied Biosystems) software.
Protein crystallization, data collection, structure determination and refinement
Fab/EE (6.5 mg ml À1 in HBS) was crystallized at room temperature by the sitting-drop vapour-diffusion method. Conditions were optimized based on Wizard I and II (Emerald Bio) solution G4 consisting of 20% polyethylene glycol (PEG) 8000, 100 mM MES pH 6.0, 200 mM calcium acetate. Crystals used for structure determination were grown from a reservoir solution consisting of 0.1 M HEPES pH 7.5, 100 mM calcium acetate, 20-26%(w/v) PEG 8000, 3% 1-propanol. The crystals were harvested and cryocooled in reservoir solution supplemented with 15% glycerol. Crystallographic data were collected on beamline 22-ID of the Southeast Regional Collaborative Access Team (SER-CAT) at the Advanced Photon Source (APS), Illinois, USA. The data were indexed, integrated and scaled in HKL-3000 (Minor et al., 2006) . The structure was solved by molecular replacement with Phaser (McCoy et al., 2007) using a polyalanine search model prepared in CHAINSAW (Stein, 2008) derived from the Fab portion of PDB entry 3sob (Bourhis et al., 2011) . The model was iteratively rebuilt in Coot (Emsley et al., 2010) and refined in PHENIX (Adams et al., 2010) . Ramachandran outliers were determined using RAMPAGE (Lovell et al., 2003) . Crystallographic statistics are presented in Table 1 and the structure was deposited in the PDB as entry 4x0k.
Computational analysis of Fab/EE crystal contacts
PDBe Protein Interfaces, Surfaces and Assemblies (PDBe-PISA; Krissinel & Henrick, 2007) was used to rank and analyze crystal lattice contacts by surface area and energy, as well as to catalog critical amino acids in crystal contacts based on their formation of hydrogen-bond or salt-bridge interactions. After excluding the native heavy-light chain interface within the Fab/EE monomer, the top three interfaces were identified as major crystal contacts and used in further analysis.
2.5. Molecular biology, expression and purification of proteins presenting the EE epitope 2.5.1. Soluble test proteins. All soluble test proteins used have been described previously . The EE tag was appended to the C-terminus of maltose-binding protein (MBP-EE) or into a surface loop of MBP, replacing residues 170-175 (MBP-KEE). MBP with only a C-terminal hexahistidine tag was used as a negative control (MBP-His 6 ). An scFv with the EE tag inserted into the flexible linker region (scFv-EE 1 ) was used as another EE-tagged test protein for BIAcore experiments (see x2.6.1). These proteins were expressed and purified via the C-terminal hexahistidine tag as described for Fab/EE. 2.5.2. A 2 aR expression and purification. The plasmid pITy-A 2 aR-GFP-His 10 was generously provided by Dr Anne Robinson (University of Tulane). An EE-tagged variant, pITy-A 2 aR-GFP-EE, was generated by insertion of the EE epitope after the wild-type residue Lys209 (numbering as in GenBank AAA83270) in the third intracellular loop (ICL3), flanked by GS residues to allow peptide accessibility ( Supplementary Fig. S2 ). This was accomplished by sitedirected mutagenesis (SDM) using the QuikChange mutagenesis kit (Stratagene). Colony PCR was used to screen for modified plasmids as described previously (Costa & Weiner, 2006) . Correct EE-peptide insertion of the final plasmid was confirmed by DNA sequencing. All primers used are listed in Supplementary Table S3 . Table 1 Fab/EE data and refinement statistics.
Values in parentheses are for the outer shell.
Data collection
Beamline and source 22-ID, APS X-ray wavelength (Å ) Plasmids pITy-A 2 aR-GFP and pITy-A 2 aR-GFP-EE were transformed into Saccharomyces cerevisiae BJ5464 by electroporation, with individual yeast colonies screened for high expression by whole-cell GFP fluorescence, and the highestexpressing clones were used for subsequent protein purification as described previously (O'Malley et al., 2007) . Briefly, cell lysis was accomplished by vortexing and the protein was purified by Ni 2+ affinity chromatography using wash buffer consisting of 50 mM NaH 2 PO 4 , 300 mM NaCl, 10% glycerol,
(CHAPS), 0.02% cholesteryl hemisuccinate (CHS) pH 8.0 with protease inhibitors, and the same buffer was used for elution with the addition of 500 mM imidazole. Ni 2+ -affinity purification was followed by SEC using a Superdex 200 16/60 (GE Healthcare) column equilibrated with GPCR buffer (10 mM NaH 2 PO 4 pH 7.0 with 0.1% DDM, 0.1% CHAPS, 0.02% CHS). The purified protein was analyzed by SDS-PAGE and Western blot using the primary anti-EE peptide Glu-Glu monoclonal antibody (1:1000 dilution in blocking buffer; Covance) and incubation with horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody (ThermoFisher). The signal was developed with SuperSignal West Dura Extended Duration Substrate (Thermo Scientific) and the resulting image was captured on X-ray film.
2.5.3. Intimin molecular biology, expression and purification. The plasmid for E. coli intimin (Fairman et al., 2012) was generously provided by Dr Susan Buchanan (NIH). The EE epitope was incorporated into an extramembraneous loop in wild-type intimin as described previously (intimin-EE1; Kalyoncu et al., 2014) . Two alanines were inserted on either side of the EE tag via SDM using the QuikChange II mutagenesis kit (Agilent) and the primers listed in Supplementary  Table S3 (intimin-EE2). Intimin-EE1 and intimin-EE2 were expressed and purified as previously described for wild-type intimin (Fairman et al., 2012) .
2.6. Binding assays and complex formation 2.6.1. Surface plasmon resonance (SPR). Kinetic binding assays were performed with a BIAcore 3000 (GE Healthcare) instrument using immobilized bovine serum albumin (BSA) or Fab/EE coupled to CM5 chips via NHS-EDC chemistry to a level of $1200 RU as bait for ligand proteins. Responses owing to sample refractive-index changes and nonspecific binding were corrected using the signal from a flow cell coupled with BSA. Purified MBP-KEE, MBP-EE, scFv-EE 1 or control MBP-His 6 were injected in a duplicate dilution series from 2 to 0.125 mM at a flow rate of 50 ml min À1 to minimize mass-transport effects in HBS running buffer supplemented with 0.005% Tween-20. Surface regeneration was performed after each run with a single 30 s injection of 2 M MgCl 2 . GPCR variants were injected similarly with the exceptions of using a single dilution series from the highest concentration available upon purification and using a running buffer composed of HBS with 0.1% DDM. The association rate constant (k on ), dissociation rate constant (k off ) and equilibrium dissociation constant (K d ; K d = k off/ k on ) were calculated assuming a Langmuir 1:1 binding model with the BIAevaluation software. Only data sets with 2 < 0.5 were used. GraphPad Prism 5 was used for graphical representation.
2.6.2. Enzyme-linked immunosorbent assay (ELISA). Fab/ EE binding to A 2 aR-GFP-EE was also assessed by ELISA. High-binding 96-well plates (Costar) were coated with 20 mg ml À1 Fab/EE overnight at 4 C. After a 1 h incubation with blocking buffer at room temperature, purified A 2 aR-GFP-EE or A 2 aR-GFP proteins were serially diluted twofold in blocking buffer (PBS with 5% milk). This was followed by 1 h incubation with rabbit anti-GFP (Invitrogen), washing, and a 1.5 h incubation with goat anti-rabbit HRP (Sigma). After a final wash step, TMB substrate (Vector Labs) was added, the signal was allowed to develop and the reaction was quenched with 1 M H 2 SO 4 . Absorbance was read at 450 nm on a SpectraMax M5 microplate reader (Molecular Devices). Data points represent the average of at least two measurements, including error bars equal to one standard deviation. GraphPad Prism 5 was used to fit data to a three-parameter logistic model and for graphical representation.
2.6.3. Size-exclusion chromatography (SEC). Fab/EE-client protein interactions were further evaluated by SEC fractionation on an Ä KTA FPLC system (GE Healthcare) at 4 C. Equimolar amounts of Fab/EE and MBP-KEE were incubated for 90 min either together or separately at room temperature prior to fractionation on a Superdex S200 column (GE Healthcare) equilibrated with HBS. For complexation with intimin, Fab/EE in 50 mM Tris pH 7.5, 200 mM NaCl, 0.01% sodium azide was combined with WT intimin, intimin-EE1 or intimin-EE2 in a 1:1 molar ratio and incubated for 2 h on ice before injection onto a Superose 12 10/300 GL column equilibrated with 50 mM Tris pH 7.5, 200 mM NaCl, 0.01% sodium azide, 0.05% DDM. Elution fractions for each peak were either concentrated by Amicon Ultra (30K MWCO, Millipore) or precipitated by tricholoracetic acid (TCA; Link & LaBaer, 2011) and analyzed by 12% reducing SDS-PAGE.
Molecular-dynamics (MD) simulations
The structure of WT intimin (PDB entry 4e1s; Fairman et al., 2012) was placed in a 140-n-dodecylphosphocholine (DPC) micelle using CHARMM-GUI (Brooks et al., 2009; Jo et al., 2008) . The DPC molecules were then mutated to DDM using a modified topology based on the CHARMM force field. Mutations for intimin-EE1 and the additional alanine insertions for intimin-EE2 were made in silico using VMD (Humphrey et al., 1996) and were minimized using NAMD (Phillips et al., 2005) . An eight-residue epitope was docked to Fab/EE using ClusPro2 (Comeau et al., 2004) . Equilibration of this bound state over 10 ns was found to be stable and thus was used to model the placement of the Fab/EE on both intimin-EE1 and intimin-EE2. The systems were then each solvated with water and ionized with 250 mM NaCl. The resulting systems contained approximately 172 000 atoms each.
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Restraints were applied for a short equilibration to ensure that the epitope-containing loop had stabilized in the Fab/EE binding site. The resulting systems were then run using unrestrained MD for 50 ns for intimin-EE1 and for 170 ns for intimin-EE2. All simulations were run using NAMD. The CHARMM36 (Best et al., 2012) force field was used throughout, along with the TIP3P water model (Jorgensen et al., 1983) . A 2 fs time step was used for all bonded and shortrange interactions, with long-range nonbonded electrostatics calculated every other time step using the particle mesh Ewald method (Darden et al., 1993) . A uniform temperature of 310 K and pressure of 101 325 Pa were maintained.
Results and discussion
3.1. Fab/EE rationale, cloning and biophysical properties Previously, we reported the successful engineering of both EE-specific and hexahistidine peptide-specific scFvs for potential use as crystallization chaperones Kalyoncu et al., 2014) . Ultimately, the anti-EE scFv proved to have higher affinity and to be preferable over its anti-hexahistidine counterpart likely owing to its chemical diversity, its insensitivity to pH especially at near-physiological conditions and its greater compatibility with a variety of peptide-insert locations (terminal and internal). Here, we sought to convert our EE-specific scFv to the Fab format, which represents the majority of crystallization chaperone proteins in solved structures deposited in the PDB. Fab molecules also typically exhibit better biophysical properties such as enhanced thermal stability and well defined oligomeric states compared with the scFv platform (Rö thlisberger et al., 2005) . We also postulated that the larger size of a Fab ($50 versus $25 kDa) would provide additional epitopes to (Table 3 ). The interface is 1109 Å 2 and includes nine residues from chain L and nine residues from chain B (both light chains; interacting residues are modeled as sticks). (c) Crystal contact ID5 (see Table 3 ). Interaction between the modelled decahistidine tag from chain L and CDR of chain H of a different molecule. Interacting residues are modeled as sticks. mediate crystal contacts, which would be especially advantageous for larger client membrane proteins. Fab/EE was generated by subcloning the variable regions into the dicistronic plasmid pFab for bacterial expression (Levy et al., 2001) . Here, each variable region is appended with a cognate human constant domain such that both polypeptide chains (V L -C L and V H -C H 1) are targeted to the periplasm for correct assembly and disulfide-bond formation. After osmotic shock and purification ( Supplementary  Fig. S1 ), similar levels of total and monomeric Fab/EE protein were recovered as for scFv/EE (2.4 versus 2.1 mg per litre of culture; 87 versus 81% monomeric, respectively; Table 2 ). Fab/EE thermal stability was significantly enhanced compared with scFv/ EE ( Table 2 ). The combination of high expression yields and enhanced stability, a biophysical characteristic correlated with crystallization success rates (Ericsson et al., 2006) , render Fab/EE more promising than the parent scFv/ EE for use in large-scale co-crystallization trials.
Fab/EE structural characterization
Crystals of Fab/EE belonged to space group P1 and the 2.0 Å resolution structure was solved by molecular replacement. Most residues were successfully modelled into the electrondensity map. Exceptions include Ser128-Ser134 in chain H, the FLAG tag at the C-terminal end of the heavy chains (chains H and A), the linker residues between the C-terminal ends of the light chains (chains L and B) and the last four residues of the decahistidine-tag ( Supplementary Table S1 and S2). The only Ramachandran outlier in the Fab/EE structure is His222, which is part of the decahistidine tag of chain B and fits well into the electron density. Two nearly identical molecules are present in the asymmetric unit. Chains L and B (light (e) Equimolar amounts of MBP-KEE and Fab/EE were equilibrated at room temperature separately or together prior to separation by SEC. The sample containing both proteins eluted as a single peak with a shorter retention volume than either individual protein. Inset: fractions from each major peak were analyzed by reducing SDS-PAGE. Lane 1, peak fraction from the putative complex peak. Lane 2, peak fraction from the Fab/EE peak. Lane 3, peak fraction from the MBP-KEE peak. Lane M contains molecular-weight marker (labeled in kDa).
to aid in the crystallization of client proteins (Figs. 1b, 1c and  1d ; Table 3 ). Overall, the crystal contacts of Fab/EE had larger interface surface areas than those of scFv/EE, with the largest interface of Fab/EE calculated to be 1109 Å 2 (ID2 in Table 3 ; Fig. 1b and Supplementary Fig. S4 ). The only residue that participates in crystal contacts in both Fab/EE and scFv/EE is Lys107 (Fig. 1b) , and the two interfaces are not similar. The Fab/EE interface contains the variable domain of chain B in one Fab/EE molecule interacting with the constant domain of chain L in the second Fab/EE molecule (Fig. 1b) . The corresponding scFv/EE interface is between the variable domains of the light chain and the heavy chain. The next largest Fab/EE contact by surface area, ID3, has interactions between heavy chains of adjacent molecules (not shown), with less than half the interface area of ID2 (Table 3) . Unexpectedly, a portion of the decahistidine tag on the C-terminus of the light chain of Fab/EE forms hydrogen-bonding and salt-bridge interactions (ID5) with the complementarity-determining regions (CDRs) from the heavy chain. This interaction is seen in both molecules in the asymmetric unit ( Fig. 1c and Supplementary Fig.  S5 ). Since the negative control proteins for complexation studies all have a histidine tag (see the SPR and SEC data in xx3.3 and 3.5 below), we surmise that this is an artifact of crystallization. Finally, the P1 lattice lacks solvent channels to accommodate a client EE-tagged protein (Fig. 1d ) and the CDRs are being used in the crystal contacts. Upon binding to target protein, Fab/EE would likely utilize other residues that are available for forming crystal contacts, perhaps including the crystal contact areas seen in scFv/EEs (Kalyoncu et al., 2014) .
Fab/EE forms stable complexes with soluble EE-tagged client proteins
To assess the EE-binding properties of Fab/EE, we first examined interactions with soluble proteins presenting the EE peptide by SPR. A binding affinity in the nanomolar range was measured for Fab/EE binding to MBP containing a C-terminal (MBP-EE) or an internal (MBP-KEE) EE peptide, as well as to an scFv with the EE peptide inserted into the flexible linker region (scFv-EE 1 ) ( Table 4 , Figs. 2a, 2b and 2c) . No significant affinity loss was observed upon conversion of the scFv format to a Fab [767 nM for scFv/EE binding to MBP-EE and 308 nM for Fab/EE binding to MBP-EE], as has been observed previously (Adams & Schier, 1999; Maynard et al., 2002; Krebs et al., 2001) . No binding was observed to the negative control MBP-His 6 (Fig. 2d ).
Since SPR employs surface-immobilization strategies that may not accurately reflect binding in solution or in a crystallization drop, we assessed complex stability by SEC. Notably, SEC is often used to isolate protein-protein complexes prior to co-crystallization trials (Lim et al., 2011; Roosild et al., 2006) . MBP-KEE was selected among the aforementioned client proteins for solution complexation with Fab/EE. A clear shift in elution volume corresponding to a higher molecular mass was observed for the complex, and complexation was confirmed by SDS-PAGE ( Fig. 2e ).
EE-peptide insertion into the extracellular loop of membrane proteins
Next, we examined complex formation with the model membrane proteins -helical A 2 aR and the -barrel intimin.
To determine candidate locations for EE-peptide insertion into A 2 aR, the repertoire of previously solved GPCR structures was analyzed, revealing that most previously solved GPCR structures involved modification of the flexible ICL3 (Rosenbaum et al., 2009) , either by truncation or through the use of covalent (T4L or BRIL; Rosenbaum et al., 2007) or noncovalent (Fab; Rasmussen et al., 2007) crystallization chaperones targeting ICL3 identified by hybridoma technology (Day et al., 2007) . Specifically, ten of the 12 residues that form the Fab epitope in the complex structure with the 2 adrenergic receptor are contiguous in primary sequence, suggesting that the EE peptide inserted into the homologous location in A 2 aR would be accessible by our Fab/EE. Thus, the EE peptide flanked by flexible linkers (sequence GS-EYMPME-GS) was inserted into the Nterminal segment of ICL3 of an A 2 aR-green fluorescence protein construct after Lys209 without mutation or truncation of the wild-type residues ( Supplementary Fig. S2a ) to generate A 2 aR-GFP-EE. A 2 aR-GFP and A 2 aR-GFP-EE were expressed and purified from S. cerevisiae. Silver-staining SDS-PAGE reveals predominantly monomeric A 2 aR-GFP-EE and Western blot shows EE-peptide incorporation into only A 2 aR-GFP-EE and not wild-type A 2 aR-GFP (Supplementary Fig. S2b ).
The representative -barrel membrane protein, E. coli intimin, was selected because of its high recombinant expression yield but its relative difficulty in crystallization (Fairman et al., 2012) . Intimin was engineered with an internal EE peptide (residues 315-320 of the L4 loop region were mutated to EYMPME; intimin-EE1) as reported previously (Kalyoncu et al., 2014) . Analogous to A 2 aR, a second construct possessing an insertion of two alanine residues on either side of the EE peptide was generated ( Supplementary  Fig. S3a ; intimin-EE2), which we postulated would increase the accessibility of the EE peptide for better Fab/EE binding. Both intimin-EE1 and intimin-EE2 were expressed and purified ( Supplementary Fig. S3b ) with similar protein yields to WT intimin (Fairman et al., 2012) .
Fab/EE forms complexes with EE-tagged membrane proteins
The accessibility and specific binding of Fab/EE to the EE peptide as presented by A 2 aR-GFP was limited to ELISA ( Fig. 3a) and SPR (Figs. 3b, 3c and 3d Fab/EE binding to EE-tagged membrane proteins. (a) ELISA analysis of Fab/EE binding to A 2 aR-GFP. Purified A 2 aR-GFP proteins with or without the EE-peptide insertion were added to ELISA wells coated with Fab/EE or blocked control wells. Captured protein was detected using an anti-GFP antibody. (b, c) SPR analysis of binding. GPCRs were injected in duplicate for each concentration tested and binding to immobilized Fab/EE was monitored. Average traces are shown and demonstrate concentration-dependent binding to A 2 aR-GFP-EE. No binding was observed for A 2 aR-GFP lacking the EE peptide. (d) Elution profile of purified Fab/EE incubated with WT intimin, intimin-EE1 or intimin-EE2. Reducing SDS-PAGE analysis (inset) of fractions selected from 10.5 to 13 ml elution volumes shows coelution of Fab/EE-intimin-EE1 and Fab/EE-intimin-EE2. (Table 4) , perhaps because of the presence of detergent. The ability of Fab/EE to form a solution complex with an EE-tagged membrane protein was tested by SEC with the intimin constructs (Fig. 3d ). The Fab/EE-WT intimin elution trace has two peaks, the first representing WT intimin and the second Fab/EE, as confirmed by SDS-PAGE (top of the inset in Fig. 3d ). By contrast, when intimin-EE1 or intimin-EE2 is mixed with Fab/EE, the species coelute. The first peak in the SEC trace has a shorter retention time indicative of a higher molecular-mass complex expected for Fab/EE-intimin-EE complexes, concomitant with a reduction in the peak corre-sponding to Fab/EE alone (middle and bottom of the inset in Fig. 3d ).
MD simulations of Fab/EE-intimin-EE complexes
We postulated that upon binding of Fab/EE to intimin-EE1 and intimin-EE2, loop L4 residues would be immobilized and a stable complex for crystallization would be generated. Molecular-dynamics analysis of intimin-EE1 and intimin-EE2 with and without Fab/EE. (a) R.m.s.f. of residues 200-450 of WT intimin, intimin-EE1 and intimin-EE2 over 50 ns simulation. (b) R.m.s.f. of residues 300-340 for WT intimin and for intimin-EE1 and intimin-EE2 alone and in modelled complexes with Fab/EE over 50 ns simulation. (c) Proposed Fab/EE-intimin-EE2 complex structure at different time points during the simulation, colored from blue to red. Intimin-EE2 is shown as a cartoon and Fab/EE as a ribbon. (d) An enlarged view of the intimin-EE2 loop containing the EE peptide at the same time points as in (c) with Fab/EE omitted for clarity. (e) L4 loops of intimin structures: WT intimin (PDB entry 4e1s) and WT intimin, intimin-EE1 and intimin-EE2 after 50 ns simulation. ( f ) The L4 loop of WT intimin from the PDB structure and WT intimin after 50 ns simulation. Ser316 hydrogen bonds to Glu324 in PDB entry 4e1s and the interaction is unchanged after 50 ns simulation. (g) WT intimin and intimin-EE1 after 50 ns equilibration showing L4 loop residue 316 and Glu324 for each structure. (h) WT intimin and intimin-EE2 after 50 ns equilibration showing L4 loop residues Ser316 and Glu324 of WT intimin, Ala314B and Glu315 of intimin-EE2. diffusion with detergent (DDM), vapour diffusion with bicelle (CHAPSO/DMPC) or lipidic cubic phase (monoolein), data not shown]. Both direct mixing of 1:1 Fab/EE-intimin-EE variant immediately prior to setting up trays and using the complex isolated from SEC as above were used in co-crystallization trials. Unfortunately, none yet has resulted in diffracting crystals of the Fab/EE-intimin-EE complex; any initially promising leads obtained to date have ultimately been crystals of Fab/EE alone (data not shown).
To gain insight into why the co-crystallization trials have not been successful in spite of the demonstrated favorable solution properties, we turned to molecular dynamics. WT intimin, intimin-EE1 and intimin-EE2 were first modelled and allowed to equilibrate over 50 ns (Fig. 4a ). In comparison to WT intimin, intimin-EE1 and intimin-EE2 exhibit increased flexibility in residues 315-320, where the WT residues were mutated to the EE tag. Notably, the insertion of two alanine residues on each side of the EE tag in intimin-EE2 did not seem to cause a further increase in flexibility compared with intimin-EE1. After modeling the Fab/EE-intimin-EE interaction, the Fab/EE-intimin-EE1 complex was equilibrated for 50 ns and the Fab/EE-intimin-EE2 complex was equilibrated for 170 ns. The r.m.s.f. (root-mean-squared fluctuation) of residues 300-340 after 50 ns with and without Fab/EE bound (Fig. 4b) indicates that Fab/EE binding to both intimin-EE1 and intimin-EE2 slightly increases the flexibility of residues 312-325. Over the 170 ns of simulation for the Fab/EEintimin-EE2 complex, the position of Fab/EE in relation to intimin-EE2 is dynamic ( Figs. 4c and 4d ). Such flexibility is likely to be a result of mutations in the L4 loop in the membrane protein (Fig. 4e ). In particular, Ser316 of WT intimin forms hydrogen-bonding interactions in both WT intimin and the structure after 50 ns of MD simulations (Fig. 4f ). This interaction was broken when Ser316 was mutated to tyrosine within EYMPME of intimin-EE1, resulting in drastic changes within the loop (Fig. 4g ). The corresponding residue in intimin-EE2 is Ala314B (see the numbering in Supplementary Fig. S2a ) and after 50 ns simulation the loop resembles that of WT intimin but with Glu315 of intimin-EE2 in a similar position as the WT intimin residue Ser316 (Fig. 4h ).
Conclusions: implications for chaperone-mediated crystallization of MPs
Our engineered Fab/EE exhibits numerous favorable characteristics for use as a crystallization chaperone for difficult targets. Introduction of the EE epitope within membrane proteins is straightforward by SDM, leading to readily detected high-affinity solution complexes. However, even when placement of the EE epitope does not interfere with protein expression and purification, an unintended consequence may be the removal of native contacts and thus an increase in conformational heterogeneity that is detrimental to crystallographic efforts. Such conformational changes can be challenging to predict, even for test proteins whose structures are known, and would be especially enigmatic in the case of target proteins of unknown structure. If an inflexible region of the target protein is not known, a reduction in loop flexibility is likely to be achievable by shortening the EE epitopecontaining loop to a minimum number of residues that can still be complexed with Fab/EE. This approach, on its own and in combination with others including SER and stabilizing ligands, is under way in our laboratory.
